A survey of ice growth and decay processes on a selection of shallow and deep sub-Arctic and Arctic lakes was conducted using radiometrically calibrated ERS-1 SAR images. Time series of radar backscatter data were compiled for selected sites on the lakes during the period of ice cover (September to June) for the years 1991-92 and 1992-93. A variety of lake-ice processes could be observed, and significant changes in backscatter occurred from the time of initial ice formation in autunm until the onset of the spring thaw. Backscatter also varied according to the location and depth of the lakes. The spatial and temporal changes in backscatter were most constant and predictable at the shallow lakes on the North Slope of Alaska. As a consequence, they represent the most promising sites for long-term monitoring and the detection of changes related to global warming and its effects on the polar regions.
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Introduction
Lakes represent an important natural resource in the Arctic. Many communities depend on lakes that do not freeze completely to the bottom for their fresh-water supply during the winter. These lakes also provide a habitat in winter for animal life. Consequently, the ability to monitor the freeze-up and break-up dates of lakes --that is, the duration of the ice-covered season --and to determine which lakes do not freeze to the bottom in the winter is very important for wildlife and water resources management.
In recent decades, some areas of the Arctic have experienced a climate wanning (for example, Chapman and Walsh 1993), and numerical climate models suggest that the effects of global warming will be experienced first and will be amplified in the polar regions (for example, Manabe and others 1992). There is evidence that the duration of the lake-ice cover is closely related to climate variability, and that changes in the length of the ice-covered season could have significant consequences for lake hydrology and biology (Palecki and others 1985; Palecki and Barry 1986; Schindler and others 1990) . Since the timing of lake freeze-up and break-up is primarily a function of air temperature variations, the availability of a long-term record of these lake-ice benchmarks could contribute to the identification of the onset and subsequent effects of climate change at high latitudes.
Remote sensing provides the most practical method for long-term continuous monitoring and study of polar lakes.
Much of the present understanding of high-latitude lakeice properties and processes by remote-sensing methods is the result of studies of ice on shallow lakes on the North Slope of Alaska. Since the early t970s, they have been studied occasionally, and primarily in late winter, using airborne X-and L-band real aperture radars in combination with surface observations and measurements (Sellmann and others 1975a, 1975b; Elachi and others 1976; Weeks and others 1977 Weeks and others , 1978 Weeks and others , 1981 . Only one time series of radar images of lake-ice development in this region was compiled (Mellor 1982) . This early research identified some of the factors that affected backscatter and showed that it was possible to differentiate between floating ice and ice that was frozen to the lake bottom, and thus make inferences about water depth. Unfortunately, those studies relied on uncalibrated photographic products and the analysis was qualitative. Recently, radiometrically calibrated, geolocaled European Remote Sensing Satellite-1 (ERS-1) synthetic aperture radar (SAR) data (C-band), available in digital fi)rm from the Alaska SAR Facility, have been combined with field observations and modelling in more quantitative studies of backscatter variations in relation to ice-growth processes and structure throughout the icegrowth season on shallow North Slope lakes (Jeff ties and others t993, 1994; Wakayabashi and others 1993a, 1993b) .
Because spaceborne
SARs such as ERS-1 can obtain images of the polar regions regardless of light and cloud conditions, and because the data are available as geolocated and radiometrically calibrated digital products, they offer previously unavailable opportunities for quantitative studies of lake-ice growth processes and history throughout the winter. In order to realise the full potential of SAR for studies of high-latitude lake ice in relation to climate change, and wildlife and water resources management, it is important to understand the lake-ice growth processes and history that are being observed by these instruments.
This paper presents further results from the study of the shallow, Alaskan North Slope lakes, and broadens the scope o flake-ice investigations using SAR to include deep and shallow Arctic and sub-Arctic lakes. Lake-ice backscatter variations observed in ERS-1 images and their relationship to fitctors such as ice growth, thickening and freezing to the bottom, the development of air inclusions in the ice, ice defl_rmation, and tile e fl_'cts of preciffitalion and air temperature changes on the snow and ice surface are discussed.
Study lakes and methods
The locations of the lakes chosen for this study are shown in Figure 1 . The lakes include: 1. small shallow (many <2 m deept Arctic lakes located on the North Slope of Alaska (Barrow lakes at 71°13'5"N, 156°39'W; 'B' lakes at 70°22'5"N, 156°30'W, and 'C' lakes at 68°45'39"N, 156°15'W) and in the interior of Alaska near Fort Yukon (66°45'N, 145°30'W); 2. two groups of sub-Arctic lakes (Kwiguk lakes in the Yukon delta at 62°40'N, 163°20'W, and the Naknek lakes near Bristol Bay at 58°37'N, 157°W); and 3. two deep-water lakes, one sub-Arctic (Tazlina Lake at 61°52'N, 146°45'W) and one Arctic (Great Bear Lake at 66°5'N, 119°W Weather records lk_rthe nearest meteorological station were obtained.
In some cases, the records of several stations were consulted for a single group of lakes. This was necessary because the records for the closest station were incomplete or because there is no single station close to the desired lake location and its weather conditions had to be inferred from the records of several stations over a broad region. The weather records were used to investigate whether particular backscatter changes correlated with meteorological changes.
Background on lake-lee growth, structure, and baekscatter
Much of the present knowledge of lake-ice growth, structure, and backscatter is based on investigations of ice on the shallow lakes of the North Slope of Alaska. This section summarizes the present state of knowledge and provides a basis fl)r the interpretation of the SAR images of the lakes that were investigated in this study.
Lake ice is comprised primarily ofcongelation ice that is the product of downward growth of ice crystals into the water as heat is conducted through the ice from the growth interface to the atmosphere. 1977 , 1978 , 1981 Mellor 1982; Jeffries and others 1993, 1994 o Deformation featturt.
• Non-deformed ice A visual representation of the increase in backscatter during the early stages of ice growth at Barrow is shown in Figure 3 . In late September, the lakes are the clearly visible dark areas, which contrast with the lighter tones of the tundra (Fig. 3a) . Fig. 3e ). As ice growth continues during the autumn, the contrast decreases until there is only a roughly 2 dB difference ( Fig. 3h ) and the deformation features 'disappear' (Fig. 3d ). The final 'disappearance' of the deformation features in late November might be due to the initial development of the arrays of tubular bubbles as these shallow reservoirs are no longer able to absorb completely thegases being expelled fromthegrowing ice.Forward scattering offthebubbles, incombination withspecular reflection offthebasal ice-water interface, which shows a highcontrast, could increase backscatter toalevel comparable with, andsubsequently greater than, thebackscatter fromthedeformation features.
Periodic backseatter decreases and the backscatter maximum
Between late October and late January, backscatter from three of the lakes decreased sharply at different times, while backscatter increased and reached a maximum at other lakes (Fig. 2) . The sharp backscatter decrease occurred at the same three lakes at different times each winter --for example, at site 11, backscatter decreased earlier in autumn 1992 than it did in autumn 1991. Those lakes where backscatter decreased are interpreted as having frozen completely to the bottom. In any given winter, the variations in the timing of the backscatter decrease reflect differences in water depth between lakes and thus the time required for the growing ice to reach the lake bottom. The differences in timing between winters probably reflect differences in the timing of initial ice formation in the autumn and subsequent ice-growth rates, which are primarily a function of air temperature and snow-cover depth. A number of Barrow lakes that froze to the bottom also had identifiable deformation features early in the icegrowth season, and these features remained visible after the ice grounded. The fact that these surface features remain visible after the ice has grounded, unlike those on floating ice that are obscured as the ice thickens but remains afloat, provides an indication of the magnitude of the signal loss in the lake bed and the relative strength of the surface scattering from the deformation features. Those lakes where backscatter remained at a constant high level after early January are interpreted as having an ice cover that remained afloat all winter. Jeffries and others (1994) have drawn attention to the fact that backscatter from the floating ice covers reaches a maximum and saturates in January, before the ice cover and the layer of ice containing tubular bubbles have reached their maximum thickness. It has been suggested that either the layer of ice with forward-scattering tubular bubbles need only be a few centimeters thick to cause such strong backscatter, and/or there is a limit to how much backscatter the tubular bubbles can cause (Jeffries and others 1994).
The spring thaw
In May (Julian days 1992 and 1993, unusual backscatter variations occurred (Fig. 2) at the Barrow lakes. At those lakes where backscatter was consistently high from January onwards, backscatter decreased sharply to values similar to those from lakes where the ice was aground for much of the winter.
At those lakes where backscatter was consistently low, backscatter increased
sharply to values similar to those from ice that had been afloat all winter. Jeffries and others (1994) first reported this unusual backscatter reversal, which occurs at the onset of air temperatures >0°C and during the subsequent spring thaw. They suggested that the reversal at these lakes was related to differences in ice surface properties and surface slope between the floating and grounded ice covers.
Changes in the snow cover also must contribute to some of the backscatter change. At temperatures <0°C, snow may be considered to be dry and thus transparent to the radar signal since there is no 'free' liquid water present (Leconte and others 1990). However, once the snow cover warms sufficiently for 'free water' to be present, the radar signal is absorbed and backscatter is reduced (Stiles and Ulaby 1980; Rott and others 1992; Hall and others 1994).
This should apply whether lake-ice cover is floating or grounded, and thus backscatter should decrease at all lakes, not just from the floating ice. It should be noted that, in both 1992 and 1993, the acquisition time of all the images but one was nominally noon local time. Thus, for the spring images acquired in May and June, a moist snow cover may be considered an increasingly important factor in the radar returns. A contributing factor to the backscatter increase from the shallow lakes might be related to lake vegetation.
Hall (in press) has suggested that tundra vegetation protruding through a shallow autumn snow cover causes a roughening of the snow surface relative to the C-band wavelength resulting in an increase in backscatter, especially when the vegetation is wet. In a similar fashion, vegetation protruding through a diminishing spring snow and/or ice cover on a shallow lake may cause a strong backscatter regardless of the state of the ice surface.
Spatial and year-to-year backscatter variability on the North Slope The backscatter time series for the Alaskan North Slope lakes are quite similar from year to year, both in terms of the spatial and temporal variability and the magnitude of the values (Fig. 4) . Figure 4a shows two backscatter records for a Barrow lake where the ice remained afloat all winter in 1991-92 and 1992-93. There is very little difference between the curves, except for an apparent missing backscatter minimum during freeze-up in 1992, which was due to data being unavailable between early September and early October. The backscatter records for one of the 'B' lakes that grounded in 1991-92 and 1992-93 are similar, except for the greater length of time it took for backscatter to change from high to low when the ice grounded in 1993 (Fig. 4b) . Prior to grounding, maximum backscatter was close to that maintained at the Barrow lakes all winter (Fig. 4a) . The timing of initial ice formation at the Barrow and 'B' lakes is coincident and clearly identified by the backscatter minimum in late September (Figs 4a and 4b) . The backscatter record for a 'C' lake that was frozen to the bottom for most of the winter shows a negligible year-to-year difference between the magnitude of the backscatter values (Fig. 4c) . These o '_ values are similar to those from grounded ice at the 'B' lakes ( Fig. 4b) and Barrow lakes (Fig. 2) . These backscatter records for the Barrow, 'B', and 'C' lakes also show the onset of the spring thaw, which occurs at almost the same time each year at the same lake, and almost concurrently in any given '_ e_ cover, and reduced the free-water con-_= tent, thereby reducing absorption of the radar signal and increasing backscatter. The relative lack of data for April and May makes it difficult to make any detailed assessment of the processes that might have been occurring on the lakes. It appears that by early May the ice on all the lakes had melted. On 7 May, backscatter from Kvichak Bay at the northern end of Bristol Bay was very strong due to wind roughening the water surface. Wind-roughened water probably also accounts for the high radar returns from the lakes at the end of the time series (Fig. 5) .
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[)I';C. year at all the lakes. The decrease in backscatter that occurs at sites where the ice is floating (Fig. 4a ) and the increase that occurs where it is grounded (Figs 4b and 4c) are evidence of the onset of the spring thaw.
Shallow sub-Arctic lakes
The Naknek lakes are located adjacent to Bristol Bay in o southwest Alaska, and the Kwiguk lakes are located in the _ Yukon River delta (Fig. 1) Naknek lakes < The backscatter record l_)r the Naknek lakes was similar to 3O that tbr the Barrow lakes, that is, there was a strong contrast in backscatter between site 5 and the other lakes from late December to late February, and at site 3 backscatter changed from strong to weak in early February (Fig. 5) . As with the North Slope lakes, the interpretation of the ,',".E,.,7.",.,, ,MA",.. colder winter in 1991-92 is also suggested by the 1992 backscatter record, which indicates that the onset of the spring thaw occurred later in 1992 than it did in 1993; thus, the ice cover had a longer duration.
It should be noted that the backscatter values from most of the grounded sites in 1992 are neither as low as those at site 7 (Fig. 6a) nor those from grounded ice at the shallow Arctic lakes (Figs 2 and 4).
Deep lakes Tazlina Lake
Tazlina Lake is a sub-Arctic lake 22 km long located in south-central Alaska on the north side of the Chugach Mountains (Fig. 1) . Although Tazlina Glacier is located at the south end of the lake, the two are not in direct contact.
The depth of the lake is unknown, but, in view of its glacial origin, it is assumed to be much deeper than the shallow Arctic and sub-Arctic lakes discussed above. Backscatter was measured at 14 locations along the length of the lake ( 
Kwiguk lakes
The 1992-93 baekscatter time series (Fig. 6b) The winter 1992 backscatter time series (Fig. 6a) was quite different from that observed at the same time the following year (Fig. 6b) . The consistently low backscatter from site 7 from early January 1992 onwards (Fig. 6a) suggests that it was grounded while the ice at the other sites was afloat. However, it should be noted that the backscatter values for site 7 were unusually low; only the initial ice cover on the shallow, Arctic lakes had a similar value (Figs 2 and 4) and it was not sustained through a period of months, as was the case at site 7. At those sites where the ice apparently remained afloat, maximum backscatter was reached on different dates in January, unlike the following year when maximum backscatter occurred in March. After maximum backscatter was reached at the Kwiguk lakes in January !992, it decreased to minimum levels until midMarch. This might be a period when the ice was grounded on the bottom. During April 1992, a moderate backscatter increase occurred (Fig. 6a) Pronounced spatial backscatter variations occurred on the ice cover at Tazlina Lake. In December 1992, apart from the strong backscatter from the deformed ice at the northern end of the lake, the ice had a fairly uniform dark tone with a network of brighter, narrow, linear features crisscrossing the lake (Fig. 8a) . On 24 January 1993, this network had become more prominent ( Fig. 8b) and by 9 February, it had expanded across much of the southern two-thirds of the lake (Fig. 8c) . These bright features are interpreted as ice deformation features, which cause strong backscatter, surrounded by undeformed ice with lower backscatter. The increased density of the deformation network may be due, in part, to katabatic winds that sweep down the glacier and are funnelled between the mountains on either side of the lake, thus exerting strong wind stress on the ice. This hypothesis is supported by the fact that the density of the deformation is greatest close to the glacier and decreases at the north end of the lake, where katabatic wind stress will be lower and the effects on the ice cover will be reduced.
Regardless of location on the lake, the deformation features all but 'disappeared' by 28 February (Fig. 8d) . The 'disappearance' of deformation features at the Barrow lakes was attributed to the initial development of the arrays of tubular bubbles in those shallow lakes.
However, it is unlikely that such dense arrays of tubular bubbles develop at Tazlina Lake, if they develop at all, because the lake is deep and the gases expelled during ice growth are absorbed by this large reservoir. An alternative explanation for the 'disappearance' of deformation features is a change in air temperatures. At both Gulkana and Glenallen weather stations, 50 km cast-northeast o fTazlina Lake, daily maximum temperatures >0°C occurred on 26-28 February.
Similar temperatures at Tazlina Lake could have changed the nature of the snow cover sufficiently to cause higher and near-uniform backscatter from the lake on 28 February.
The spatial variability of backscatter in winter 1991-92 differed sharply from that in 1992-93. One significant difference was that any deformation features that existed in 1992 (Fig. 9a) were not as well defined as in 1993 (Fig.   8c ). This might be an indication that the ice was less deformed in 1992 than in 1993, or it might indicate that other factors, such as a modified snow cover, played a stronger role in affecting backscatter in 1992. In winter 1992, there was strong zonation of backscatter across the lake at any given time; zones A, B, and C had different backscatter characteristics that gave the lake a non-uniform appearance (Fig. 9a) . The contrast between the strong backscatter from zone B at the south end of the lake compared to the lower backscatter from zone C in the central part of the lake was particularly striking (Fig. 9b) .
Similar backscatter variability has been observed at alpine lakes in Montana, where it has been attributed to localized flooding of the snow cover and snow-ice formation (Hall and othcrs 1994). Jcffrics and others (1994) have drawn attention to thc fact that flooding of the basc of the snow coveris common onAntarctic seaice,andthatstrong backscatter hasbeen reported fromflooded icedue tothe strong dielectric contrast between theupper layer ofdry snow and theunderlying slush (Lytleand others 1990). A similar mechanism might cause strong backscatter from flooded lakeice. Once theslushfreezes, strong backscatter might continue because of thebubbly nature of snow-ice.Regardless of the specificcauses of the backscatter variability in Figure 9 , it seems likelythat backscatter ineach zone wascontrolled bydifferent factors, otherwise the lake might be expected to have a more uniform appearance, such as that observed in 1993 (Fig.   8d ).
Great Bear Lake
Great Bear Lake is a deep Arctic lake located in the extreme northwest of the Canadian Northwest Territories (Fig. 1) . Backscatter time series were compiled for 13 sites in McTavish Arm, located in the northeast region of Great Bear Lake. The SAR image of McTavish Arm (Fig. 10) shows a dense network of deformation features. The strong backscatter from these features is exemplified by sites i and 11, located along the northern and southern shores of the arm, respectively. Backscalter from the ice adjacent to the deformation features has a much darker appearance, with variable grey tones. A selection of the backscatter time series (Fig. 11 ) shows a pattern similar to that observed at the other lakes, that is, after the establish- Arm, suggesting that the spring thaw had begun. The SAR images used to investigate lake-ice processes on Great Bear Lake showed that a stable ice cover was not established until late December. In subsequent images, the position of the delbrmation features remained the same, an indication of the stability of the ice cover once it had been established.
Prior to late December, ice was forming on the lake, but it was subject to wind stress and displacement. The floating ice on the shallow sub-Arctic lakes has a mean o°value (-6.5 + 0.4 dB) similar to that of floating ice on the shallow Arctic lakes (Fig. 12) . This is most likely because the ice on both types of lakes has similar characteristics, due to gas supersaturation of the shallow water and tubular bubble development, and the resultant effects on backscatter.
However, the mean o°value of grounded ice on sub-Arctic lakes is -13.2 + 1.5 dB, which is 3 dB higher than the value for grounded ice at the Arctic lakes (Fig. 12) . As noted previously, backscatter from the grounded zones of the shallow Arctic lakes is low because of the low dielectric discontinuity between the ice and lake sediment; consequently, most of the radar signal is simply absorbed in the lake sediments.
In late April 1992 and early May 1993, when observations and measurements were made on the Barrow lakes in conjunction with ERS- 1 SAR data acquisition (Jeffries and others 1993, 1994;  Wakayabashi and others 1993a), the sediment below grounded ice was found to be dry and frozen. This can be explained by the continued transfer of energy through the ice to the surface alter the ice grounds. In this case, the energy source is the wet sediment rather than the lake water. In time, during the persistently cold, dry winter, sufficient energy will be transferred through the grounded ice to freeze the sediments and desiccate them, perhaps by ice segregation and development of ice lenses within the sediment.
In the sub-Arctic areas, winter temperatures are more variable and not as persistently cold as on the North Slope.
Consequently, once the lake ice grounds on the bottom, the rate and amount of energy transferred upwards from the sediments might be lower than occurs at the Arctic lakes, and the sediments might become neither as dry nor as completely frozen as the North Slope lake sediments. If there is still some free water in the soil, the dielectric discontinuity between it and the grounded ice would be higher and the radar return from the interface between the base of the lake ice and the partially frozen sediment might also be higher. Results of backscatter modelling of snowcovered terrain indicate that: 1. as air temperatures decrease, backscatter decreases as a consequence of a reduc- There is an analogy between the snow-covered terrain and the ice-covered lake sediment, and it may be that unfrozen, or partially frozen, sediments overlain by grounded lake ice have similar effects on radar backscatter.
Excluding deformation features, which have very high backscatter, the overall mean backscatter from the ice on the deep lakes is -10.4 _+0.5 dB. This is a full 4 dB lower than backscatter from floating ice on the shallow lakes (Fig. 12) . Whereas tubular bubbles develop in the ice on the shallow lakes, they are most likely absent from the ice on the deep lakes where most, if not all, gases expelled during ice growth are absorbed in these deep reservoirs.
The 4 dB difference between the shallow and deep lake-ice covers is probably a measure of the effectiveness of the tubular bubbles as forward scatterers, which enhance the return from the basal ice-water interlace.
As the ice thickens on the deep lakes, backscatter increases during the winter and often reaches a maximum, which is maintained at nearly constant values until the spring thaw (Figs 7a and 11) . The same backscatter increase occurs in the early stages of ice growth on the shallow lakes (Figs 2 and 4) . and others 1993a, 1993b) . However, a satisfactory explanation for this phenomenon remains to be found.
Also unexplained is the maintenance of a backscatter maximum that occurs at the shallow lakes with tubular bubble layers and at the deep lakes, where presumably few if any tubular bubbles are present.
As noted, either the layer of ice with forward-scattering tubular bubbles need only be a few centimeters thick to cause such strong backscatter, and/or there is a limit to how much backscatter the tubular bubbles can cause 0effries and others 1994).
Similarly, there might be an upper limit to the amount of backscatter that can occur from clear, inclusion-free freshwater ice. Yukon delta. There, the backscatter records suggested that the ice grounded on the bottom of the lakes one winter, but
Conclusions
did not ground at all the next winter due to differences in winter temperatures. Long-term monitoring of winter climate in relation to whether lake ice grounds or not, and the duration of grounding when it does occur, could be done with SAR.
In order fully to exploit the potential of SAR for studies of lake-ice processes and history in relation to environmental change, further research on the relationships between lake ice and backscatter variability is still required.
A number of backscatter phenomena remain to be satisfactorily explained with respect to ice processes and growth history. 
